The Philadelphia chromosome associated with acute lymphoblastic leukemia (ALL) has been linked to a hybrid BCR/ABL protein product that differs from that found in chronic myelogenous leukemia. This implies that the molecular structures of the two chromosomal translocations also differ. Localization of translocation breakpoints in Philadelphia chromosome-positive ALL has been impeded due to the only partial characterization of the BCR locus. We have isolated the entire 130-kilobase BCR genomic locus from a human cosmid library. A series of five single-copy genomic probes from the 70-kilobase first intron of BCR were used to localize rearrangements in 8 of 10 Philadelphia chromosomepositive ALLs. We have demonstrated that these breakpoints are all located at the 3' end of the intron around an unusual restriction fragment length polymorphism caused by deletion of a 1-kilobase fragment containing Alu family reiterated sequences. This clustering is unexpected in light of previous theories of rearrangement in Philadelphia chromosomepositive chronic myelogenous leukemia that would have predicted a random dispersion of breakpoints in the first intron in Philadelphia chromosome-positive ALL. The proximity of the translocation breakpoints to this constitutive deletion may indicate shared mechanisms of rearrangement or that such polymorphisms mark areas of the genome prone to recombination.
ABSTRACT
The Philadelphia chromosome associated with acute lymphoblastic leukemia (ALL) has been linked to a hybrid BCR/ABL protein product that differs from that found in chronic myelogenous leukemia. This implies that the molecular structures of the two chromosomal translocations also differ. Localization of translocation breakpoints in Philadelphia chromosome-positive ALL has been impeded due to the only partial characterization of the BCR locus. We have isolated the entire 130-kilobase BCR genomic locus from a human cosmid library. A series of five single-copy genomic probes from the 70-kilobase first intron of BCR were used to localize rearrangements in 8 of 10 Philadelphia chromosomepositive ALLs. We have demonstrated that these breakpoints are all located at the 3' end of the intron around an unusual restriction fragment length polymorphism caused by deletion of a 1-kilobase fragment containing Alu family reiterated sequences. This clustering is unexpected in light of previous theories of rearrangement in Philadelphia chromosomepositive chronic myelogenous leukemia that would have predicted a random dispersion of breakpoints in the first intron in Philadelphia chromosome-positive ALL. The proximity of the translocation breakpoints to this constitutive deletion may indicate shared mechanisms of rearrangement or that such polymorphisms mark areas of the genome prone to recombination.
Acute lymphoblastic leukemia (ALL) is the most common pediatric malignancy afflicting 1 in 30,000 children annually (1) . Though therapeutic advances have resulted in long-term disease-free survival rates of 60% (2) , those tumors that contain a karyotypic abnormality have a significantly poorer prognosis (3) . This would suggest that neoplastic mechanisms may be at work as a consequence of chromosomal rearrangement that make these tumors more resistant to treatment. The most common karyotypic abnormality seen in ALL is the Philadelphia chromosome (Ph). It is this same chromosomal translocation that is characteristically linked to >90% of patients with chronic myelogenous leukemia (CML) (4) . In ALL, however, the Ph is less frequently observed and is present in =10% of patients (5) . Karyotypic analysis has revealed that this marker chromosome is a result of a reciprocal translocation between chromosome 9 band q34 and chromosome 22 band qll.2: t(9;22)(q34;qll.2) (6).
Though these rearrangements in ALL and CML are karyotypically indistinguishable, their molecular structures differ. In both instances this translocation results in the juxtaposition of upstream regions of the BCR gene located on chromosome 22 to a distal portion of the ABL protooncogene on chromosome 9 (7) (8) (9) (10) . This results in the formation of both hybrid BCR/ABL transcripts and proteins (11, 12) . In CML, this rearrangement has been mapped to within a 5-to 6-kilobase pair (kb) region of the BCR gene and results in a 210-kDa hybrid protein (P210) (13) (14) (15) (16) (17) (18) 
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Replica plating and screening of cosmid libraries was performed as described (26) .
Riboprobe Screening of Cosmid Libraries. 32P-labeled cosmid end probes were made according to Wahl et al. (27) . Cosmid DNAs were first digested to completion with Rsa I (Stratagene). Radiolabeled RNAs were then synthesized from T3 or T7 RNA promoters by using reagents and instructions prepared by Stratagene Cloning Systems.
Hybridizations using riboprobes were performed as follows. Cosmid filter blots (Biotrans; ICN) were prehybridized for 2 hr at 50°C in a solution of 50% (vol/vol) deionized formamide, 6x SSC (lx SSC is 0.15 M NaCl/0.015 M sodium citrate, pH 7.0), 5x Denhardt's solution (lx Denhardt's solution is 0.02% bovine serum albumin/0.02% polyvinylpyrrolidine/0.02% Ficoll), denatured herring sperm DNA (200 ,ug/ml), and yeast tRNA (100 ,ug/ml). Hybridization with 32P-labeled riboprobes was performed using the same solutions and temperatures overnight. Filters were washed three times with 2x SSC/0.1% SDS at room temperature and then twice in O.1x SSC/0.1% SDS at 65°C before autoradiography.
Southern Analyses. Genomic DNAs for Southern experiments were prepared in similar fashion to that used for cosmid library generation or by guanidinium isothiocyanate lysis (28) . Endonuclease digestions were performed according to manufacturer's recommendations (Boehringer Mannheim). Digested DNAs were size-fractionated on 0.8% agarose gels (Seakem LE, FMC) and transferred to nitrocellulose membranes [Nitro Plus 2000, Micron Separations (Westboro, MA)] (29). Southern blots were hybridized to 32P-labeled nick-translated genomic probes and subsequently washed as described (30) .
Nucleotide Sequence Procedure. Dideoxynucleotide sequencing was performed using reagents and instructions prepared by United States Biochemical.
RESULTS
The First Intron ofBCR Is 70 kb Long. A cosmid library was made from the neuroepithelioma cell line TC-32. The complete karyotype of this cell line has been described: +5, + 10, i(lq),t(11;22)(q24:q12) (31) . This cell line contains a translocation involving chromosomes 11 and 22 in addition to its normal chromosome 22. However, this particular tumor-V I V associated rearrangement has been shown to lie telomeric to BCR and, therefore, would not affect our experiments (32) . The cosmid vector pWE-15 was chosen as the optimal cloning vehicle (27) . This 8.8-kb plasmid contains the phage cos site, plasmid origin, and bacterial resistance genes necessary for successful packaging into A phage and propagation in bacterial hosts. In addition T3 and T7 RNA promoters flank the BamHI cloning site. Utilizing these promoters, 32P-labeled cosmid end probes can easily be generated and applied to "chromosome walking" strategies. An unamplified library of 7 x 105 colonies was screened with two probes specific for the first and second exons of BCR. The results from this and subsequent screens are shown schematically in Fig. 1 . The upstream genomic fragment derived from exon 1 hybridized to two cosmid clones: P1-11 and P1-9. Library screens with the exon 2 probe yielded a cluster of four overlapping clones: M1-4, M1-5, Ml-il, and Ml-14. To cross the gap between these two cosmid clusters a 32P-labeled riboprobe was generated from the 3' end of clone P1-9 utilizing the T3 RNA promoter. Screening with this probe resulted in four additional cosmid clones: P2-14, P2-21, P2-22, and P2-23. Restriction endonuclease mapping and hybridization studies using cosmid end probes showed that overlap of all cosmid clones had been achieved.
Two cosmid clones P1-9 and P2-23 together spanned the entire intron and were selected for further restriction endonuclease mapping. EcoRI fragments were subcloned into the plasmid vectors pGEM-4 or Bluescript II and mapped in detail. Subclone maps were unambiguously placed in the intron by comparisons with cosmid digests as well as hybridizations using subclone end fragments to genomic and cosmid Southern blots (Fig. 2) .
The precise locations of most of the exons in BCR have not been determined. Intron-exon borders have been mapped in only the first exon and the five small exons surrounding the CML breakpoint cluster region (14, 23) . To determine whether any exonic sequences were present within this region hybridization studies were performed. A cDNA fragment containing the first and second exons of BCR was used to probe restriction endonuclease-digested cosmid DNAs. Hybridization was only seen in those cosmid fragments to which exons 1 and 2 had been mapped, supporting the conclusion that no exonic sequences exist in this intervening Since the cell line TC-32 contained both alleles of this polymorphism, we were able to isolate both forms from previously defined cosmid clones. Fragments with and without the internal deletion were subcloned, further mapped, and sequenced ( Fig., 4) . No obvious secondary structures were found near the breakpoints of this 1-kb internal deletion that could account for its formation. Examination of this deletion revealed the presence of Alu reiterated sequences contained near its 3' end. These sequences had all the structural features characteristic of Alu family repeats and had a 90%o sequence similarity to Alu consensus sequences (35) .
DISCUSSION
We have defined the 70-kb first intron of the BCR gene in an effort to localize the translocation breakpoints in Ph' ALL.
Utilizing five single-copy genomic probes derived from this region, we have localized the t(9;22) breakpoints in 8 of 10
Ph' samples. BCR rearrangement in these 8 patients occurred exclusively within the first intron. This is in contrast to previous reports that approximately halfthe time rearrangement in Ph' ALL involved the CML breakpoint cluster region (34, (36) (37) (38) . There is no straightforward explanation A   GATCTGGGCC CTGGGGTGGC CCATGCGTTG AATAAGTGTG TTCTACAGAA  CCCATGGTCC CTGGGTTCTG GGTGATCAGT GGCCTGAGGA GGGACCAGAC  TCCAGCCCGT CCTAAGGAGC TTATGAGAAG TTTTGAGGGG ACTGGTGCCT  GGACATGGGC TGTAGCGTAG GTGGAGTGTC GAGGAGGACC CTACACACGG  TGAGTGGGAG AAAGCACCTG GGAGAGCATC CCGCAGCCCA GGAGGGTGGT  CAGGTTAAGT CACAGCAGGG ATGGGGCTAT CAGAATGGTG GGCTGTGAAG   AACTGGGAGG GCCAAGACTC AGGGAGGCCA TCTGGATGGGE AAGGTGTGA   GCCGAGGCCC AGAATGGAGC ACCCAGGGGA CCCAGGCTGA TCAGGTCGCA  GCGAGCATGA GGGGACTGTG CGAAGCCATG AGCTCCAGAC TCCCCAGTCG  TGGGCCCTGA TGCGGGGGTG TGTGTGAGCT GGAGCCGTGG GACCAGGGCC  GAACCCGTGT GCTGGACAGT CTTCGGGGCC CAGACACCAA GGGCCACCCG  GAGCCTACAG GAAAGTTGGG GAGTAGAGGG GCATGTGTTG TATGGACAGA  GCCCTACCAT GCTTAGAGGA GTCAGGCTCC TCCCCCGACT CTGTGGCCAC  ACATTGTCCC TCACACTCTT GATTTCTCAG CCACAGTGAG GGTGAAAACC  AGGGTCAGCT CGAGACTATG ACCCAGTTCC CATTTCACCT CCTGGGTCTT   TGTGGGGTTT TTTGTTTTGT TTTGTTTTTT TGAGATGGAG   TCTCTCGCTC TGTCACCCAG GCTGGAGTGT CAGTGGTACG ATCTTGGCTC  CTAGGTTCAA GTGATTCTCC TGCCTCAGCC TCCCAAGTAG CTGGGATTAC  AGGCATGCAC CCAGCTAATT TTTGTATTTT TAGTAGAGAC GGGGTTTCAC  CATGCTGGCC AGACTGGTCT CGAACTCCTG ACCTCAAGTG ATCCGCCTGC  CTTGGCATCC CAAAGTGCTG AGATTACTAG TGTGAGCCAC CATGCCCGGC  CTTCTCCAAG TTCCGAATTC CCTGAAAGCA GCTGTGCTGT TGCCCTGCCC  TCTGGGGCAC AATGTTAGGA GTAAGCAGCG TTTAAGTGCC TCCCTGATTA  AGAGAAAGAT GTATATTCCC for this discrepancy. Clinicopathologic data from our patient population did not differ significantly from those previously described. Further study is required before this disparity can be resolved.
Two of the 10 samples in our study failed to demonstrate rearrangement with any of the five first-intron probes on multiple digests. These tumor specimens also failed to show BCR rearrangement anywhere in the 50 kb on the 3' side of the first intron including the CML breakpoint cluster region (data not shown). In these cases rearrangement may have occurred within the first intron that would not be detected with the present set of probes. If during translocation a deletion of BCR probe sequences occurred then rearrangement detection with that probe would not be possible. Deletions of this nature have been found in =w10% of t(9;22) translocations in CML (39) 
